Erythropoietin production in rats with post-ischemic acute renal failure  by Tan, Chorh C. et al.
Kidney Intemationa4 Vol. 50 (1996), pp. 1 958—1 964
Erythropoietin production in rats with post-ischemic acute
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Erythropoietin production in rats with post.ischemic acute renal
failure. To study the role of erythropoietin (Epo) in the pathogenesis of
anemia in acute renal failure (ARF), organ Epo mRNA was measured by
RNase protection assay in rats with ARF induced by a one hour-occlusion
of the left renal artery. Hematocrit was significantly decreased two hours,
24 hours and one week after left renal artery occlusion. A significant
reduction in serum haptoglobin at two hours and an increase in serum
LDH at 24 hours indicated that hemolysis was the likely cause of the initial
fall in hematocrit. However, despite the reduced hematocrit, serum Epo
concentrations were not significantly different from controls, suggesting
that the anemia is maintained because of a lack of an appropriate Epo
response. Right renal Epa mRNA levels were not significantly different in
all groups, but Epo mRNA levels in post-ischemic kidneys were 50 to 67%
lower than in contralateral kidneys. However, Epo mRNA in the post-
ischemic kidney was increased sixfold by acute hemorrhage, a rise
comparable to the ninefold increase observed in contralateral kidneys. In
ARF rats exposed to 7.5% °2 for four hours, right kidney Epo mRNA
increased 200-fold over normoxic levels, to a value similar to sham-
operated hypoxic controls. Epo mRNA in the post-ischemic kidney also
increased 200-fold, to 50% of the level in the contralateral kidney. Hepatic
Epo mRNA levels were elevated to comparable levels in both groups. In
this ARF model, mild anemia is associated with relative Epo deficiency. In
the post-ischemic kidney, a substantial capacity for Epo production is
retained but the sensitivity of the Epo response to blood oxygen availabil-
ity is significantly reduced.
The kidney plays a major role in the control of red blood cell
formation, since it is the main site of erythropoietin (Epo)
production in adults [1]. Epo is synthesized by peritubular,
fibroblast-like cells in the renal cortex in response to changes in
blood oxygen availability [2]. In chronic renal failure, anemia is
frequently present and arises chiefly as a result of inappropriately
low Epo production [3]. In acute renal failure (ARF), a rapidly
developing anemia is also a well recognized complication but its
pathogenesis is poorly understood. In view of the relatively long
lifespan of normal erythrocytes, the initial rapid fall in hernatocrit
in ARF cannot be due primarily to reduced erythropoiesis but is
probably the result of hemolysis or hemorrhage [4]. However, the
tendency for the anemia to persist without any compensatory
reticulocytosis [5] indicates that inadequate red blood cell pro-
duction contributes significantly to the anemia, at least during the
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later stages of ARF. In this situation, it is likely that erythropoiesis
is impaired because of inadequate Epo production since recent
clinical studies have documented that serum Epo concentrations
are inappropriately low for the hematocrit in patients with ARF
[6, 7]. However, the reasons for this relative Epo deficiency are
not known.
To provide further insights into the mechanism of disturbed
Epo formation in ARF, Epo production was studied in rats with
ARF induced by temporary unilateral renal artery occlusion. This
model was chosen because it allowed a comparison of Epo
production in the ischemically-damaged kidney with that of its
normal, contralateral fellow kidney. Since Epo hormone synthesis
is mainly controlled through modulation of its mRNA [8], organ
Epo production was determined by measuring Epo mRNA levels
in the kidneys and liver, using a quantitative RNase protection
assay. To investigate if the potential impairment in renal Epo
formation is due to damage to the Epo-producing cells or to
changes in the process of intrarenal oxygen sensing, animals were
studied under normoxic conditions and following stimulation by
acute hemorrhage and normobaric hypoxia, respectively.
Methods
Male Wistar rats weighing between 300 to 350 g were used for
all experiments. Animals were anesthetized by the intraperitoneal
administration of Clinical Research Centre cocktail, comprising
Hypnorm, midazolam and water in a ratio of 1:1:2 by volume, at
a dose of 0.3 ml/100 g body wt.
Induction of acute renal failure
Acute renal failure was induced by unilateral clamping of the
left renal artery as previously described [9]. Briefly, the left kidney
was exposed through a left flank incision and the left renal artery
carefully dissected free. A small atraumatic arterial clamp (Aes-
culap AG, Tuttlingen, Germany) was applied to completely
occlude the left renal artery for one hour. The presence of polar
or double renal arteries was excluded by ensuring that the whole
kidney blanched completely when the arterial clamp was in place.
The kidney was covered by a sterile piece of gauze moistened with
normal saline, and the animal kept on a heating blanket. After
one hour, the arterial clamp was removed and the incisional
wound closed with silk sutures. In sham-operated controls, the left
kidney was mobilized and the left renal artery dissected free but
not clamped. After one hour, the incisional wound was sutured
with silk.
I 958
Tan et al: Eiythropoietin in acute renal failure 1959
Experimental protocols
Time course of Epo production following unilateral renal artely
occlusion. The left renal artery was occluded for one hour in 16
rats, following which groups of these animals were studied at the
following time intervals after release of the arterial clamp: two
hours (N = 5), 24 hours (N = 6) and one week (N = 5). In the
control group of sham-operated rats (N = 6), the left kidney was
exposed through a flank incision for one hour, following which the
animals were studied.
Animals were sacrificed by cervical dislocation. The abdomen
was opened through a mid-line incision, and blood drawn from
the dorsal aorta for determination of the hematocrit, using
microhematocrit tubes. Aliquots of serum were frozen at —20°C
for subsequent measurement of Epo hormone, urea, haptoglobin
and LDH concentrations. The kidneys and liver were swiftly
excised, blotted dry of blood, and weighed. Each kidney and a
portion of the liver was homogenised in separate 20 ml aliquots of
guanidinium thiocyanate using a Polytron homogenizer operated
at full power for one minute. After each use, the homogenizer was
washed with fresh aliquots of hydrogen peroxide, absolute alco-
hol, diethylpyrocarbonate-treated water and guanidinium thiocy-
anate. The homogenates were stored at —80°C for subsequent
RNA extraction and Epo mRNA measurement.
Epo response to acute hemorrhagic anemia. In a group of 4 rats
subjected to one-hour left renal artery occlusion, after the arterial
clamp was removed and the wound closed, 5 ml of blood was
removed by cardiac puncture using a 25G needle, and replaced
with an equivalent volume of sterile normal saline. Five sham-
operated controls were bled in a similar manner. All the animals
were studied 24 hours later, as described above.
Epo response to normobaric hypoxia. A group of rats was
subjected to one-hour left renal artery occlusion (N = 4) or
sham-operation (N = 4). Twenty-four hours later, the animals
were exposed to four hours of normobaric hypoxia by placing
them in an air-tight perspex cabinet into which premixed gas
containing 7.5% oxygen, balance nitrogen (SOXAL, Singapore)
was introduced. Animals were sacrificed by cervical dislocation
and studied within 15 minutes of completion of hypoxic exposure.
Measurement of serum Epo concentration
Serum Epo concentrations were measured by radioimmunoas-
say, as previously reported [101, using a rabbit antiserum raised
against recombinant human Epo, and iodinated recombinant
human Epo (Amersham International, Amersham, UK) as a
tracer. Hypoxic rats were used to prepare an Epo-enriched serum
pool that was used as a standard after calibration against the
Second International Reference Preparation by in vivo bioassay.
Serum urea, haptoglobin and LDH concentrations were mea-
sured on a SpotChem SP-4410 Autodry Chemistry Analyzer
(Kyoto Daiichi-Kagaku Co., Kyoto, Japan).
Histological examination
In a separate group of 4 rats, the kidneys were excised and
immersion-fixed for histological examination 24 hours after a
one-hour left renal artery occlusion. Similarly kidneys were ob-
tained for histological examination from another group of 4 rats
exposed to four hours of normobaric hypoxia (7.5% oxygen), 24
hours after a one-hour left renal artery occlusion, together with 4
sham-operated controls.
Measurement of Epo mRNA
Total RNA was purified from the organ homogenates by the
method described by Chomezynski and Sacchi [11].
RNase protection assay
Epo mRNA was measured using an RNase protection assay
which has been reported in detail previously [12]. Briefly, 32P-
labeled Epo riboprobes were generated, using SP6 polymerase, off
a genomic rat DNA template that comprised a PstI-SacI fragment
containing 132 bp of exon V of the Epo gene and about 300 bp of
the adjoining intronic sequence.
For analysis of Epo mRNA, the precipitated total RNA was
dissolved in an aliquot of hybridization buffer (80% formamide,
40 mM PIPES, 400 m sodium chloride, 1 mivi EDTA, pH 8) and
the RNA concentration determined by absorbance measurements
at 260 nm (Shimadzu UV 120.02 spectrophotometer, Schmidt
Scientific, Singapore). For samples from normoxic rats, the quan-
tities of total RNA analyzed were 250 j.tg for kidney and 400 tg
for liver, while for the hypoxically stimulated animals, analysis was
performed on 150 g of kidney and 250 tg of liver RNA.
Hybridization was performed overnight at 60°C, after the addition
of 0.5 to 1.0 X lO cpm radiolabeled Epo probe. RNase digestion
was then carried out at 20°C for 30 minutes, and terminated by the
addition of 60 il of proteinase K (1 mg/mI) with 3% sodium
dodecyl sulfate. Alter phenol-chloroform extraction and ethanol
precipitation, samples were redissolved in 80% formamide and
electrophoresed on a denaturing 10% polyacrylamide gel. After
electrophoresis, the gels were dried and autoradiography per-
formed for eight hours to seven days.
Quantitation of the protected Epo mRNA bands was per-
formed using the AMBIS 4000 radioanalytic imaging system
(AMBIS Systems Inc., San Diego, CA, USA). After autoradiog-
raphy, the dried polyacrylamide gel was trimmed to size (20 x 20
cm), taped onto the sample cassette insert board and covered with
cling-film. The cassette was loaded into the radioanalytic detector,
which detects y emissions over a 20 x 20 cm area, and the gel
scanned for 16 hours using a 1.6 >< 2.4 mm resolution plate. The
composite image obtained by scanning the gel was displayed on a
high-resolution color monitor and the protected Epo mRNA
bands quantified using AMBIS version 4.0 Quantprobe software
(AMBIS Systems Inc.). On the monitor, by using the mouse, each
protected Epo mRNA band was enclosed individually in a rect-
angular quantitation box, all the boxes being of identical dimen-
sions. The background radioactivity for each Epo mRNA band
was obtained by placing a quantitation box, of similar size, just
above the band. From the analysis of the radioactivity in the areas
selected, the activity of each Epo mRNA band (counts per
minute) was obtained after subtraction of the corresponding
background radioactivity. The number of counts per minute
obtained for each protected Epo mRNA band was then divided by
the quantity of total RNA analyzed for that sample to yield the
quantity of Epo mRNA per .tg of total RNA. To account for
differences in the specific activity of Epo rihopobes between gels,
a 50 jig aliquot of an external standard consisting of pooled RNA
extracted from the kidneys of severely hypoxic rats was analyzed
with each gel. Sample Epo mRNA levels were expressed relative
to the Epo mRNA count in the corresponding standard, which
was arbitrarily assigned a value of 1.0. The organ content of total
RNA in each kidney and in the liver was calculated from the
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Table 1. Serum urea, hematocrit and Epo levels in rats studied 2 hours, 24 hours and 1 week, respectively, after occlusion of the left renal artery








Total organ Epo mRNA
Right kidney Left kidney
Control 6 0.46 0.02 32.6 10.1 684.6 394.5 27 2 0.29 0.23 0.26 0.19
2 hours 5 0.39 0.04" 14.6 13.3" 2002.4 988.8 46 30 0.24 0.14 0.12 0.05
24 hours 6 0.42 0.02" 99.3 4.4" 2376.8 1755.6" 30 5 0.13 0.04 0.07 0.03C
1 week 5 0.43 0.3" 42.6 16.2 1532.2 481.3 31 4 0.33 0.1 0.11 0.01'
a Hematocrit and serum urea and Epo concentrations were measured when animals were sacrificed.
"Significantly different from corresponding value in control group (Duncan Multiple Range test with a significance level of 0.05)
C Significantly different from fellow right kidney (P < 0.05, paired t-test)
amount of RNA extracted from aliquots of homogenate derived
from known weights of tissue, thus allowing the total quantity of
Epo mRNA in each organ to be computed.
Statistical analysis
Intergroup comparisons was performed using one-way analysis
of variance with a multiple comparison procedure, Duncan's
Multiple Range test, with a significance level of 0.05. The statis-
tical significance of differences between the right and left kidneys
was analyzed by Student's paired t-test.
Results
Time course of hematocrit following unilateral renal arteiy
occlusion
Sixteen rats were subjected to left renal artery occlusion for one
hour, and groups of animals studied at two hours, 24 hours and
one week after release of the arterial clamp. In all three groups,
serum urea concentrations were modestly, but significantly, raised
to 10.0 3,5 mmol/liter (mean SD), 7.1 1.4 mmol/liter and
6.5 1.5 mmol/liter, respectively, compared with controls (3.3
0.8 mmol/liter), values that are comparable to those previously
reported in this model [13].
As shown in Table 1, in animals studied two hours, 24 hours and
one week after left renal artery occlusion, the hematocrit was
0.39 0.04, 0.42 0.02 and 0.43 0.03, respectively, levels which
were significantly lower than in the sham-operated controls
(0.46 0.02). Measurements of serum LDH and haptoglobin
suggest that the initial decline in Hct was due to hemolysis. Serum
LDH was higher than baseline levels at the three time intervals
studied after left renal artery occlusion, although the difference
was only statistically significant at 24 hours (Table 1). Serum
haptoglobin concentration was significantly reduced at two hours,
but became markedly raised at 24 hours before falling to baseline
levels at one week. These changes are consistent with the known
properties of haptoglobin, which apart from its ability to bind free
oxyhemoglobin in plasma, also behaves as an acute phase reactant
[141. It seems likely that the decrease in serum haptoglobin at two
hours is a result of acute hemolysis, but this is obscured at 24
hours by the rise in serum haptoglobin as part of an acute phase
reaction.
Histological changes
Histological examination of the left kidneys 24 hours after a
one-hour renal artery occlusion showed changes consistent with
those previously described in this model [13, 151. There was
widespread tubular cellular necrosis in both the cortex and outer
medulla with extensive occlusion of tubular lumina with cellular
debris and hyaline casts (Fig. 1A). Similar but somewhat more
extensive changes were observed in the post-ischemic kidneys
from animals exposed to severe normobaric hypoxia 24 hours
after unilateral renal artery occlusion (Fig. 1B). In contrast, the
right kidneys of these animals essentially showed no abnormalities
in the cortex and outer medulla (Fig. 1C).
Time course of Epo production following unilateral renal artery
occlusion
Despite the decrease in hematocrit after unilateral renal artery
occlusion, serum Epo concentrations were not significantly differ-
ent in any of the groups: 27 2 mU/ml in controls and 46 30,
30 5 and 31.0 4.0 mU/ml in the animals studied at two hours,
24 hours and one week, respectively. This indicated that the
decline in hematocrit in these groups was not associated with an
appropriate increase in Epo production.
The effects of left renal arterial occlusion on renal Epo mRNA
production were determined by quantitation of the total Epo
mRNA content in each kidney, the results of which are summa-
rized in Table 1. At each time interval, total Epo mRNA in the
right kidney was not significantly different from that of the control
group. However, in the animals studied at 24 hours and at one
week, the Epo mRNA content of the left post-ischemic kidney was
significantly lower than that of the corresponding right kidney.
Hence, 24 hours after left renal artery occlusion, the Epo mRNA
level in the post-ischemic kidney was only about 50% that of the
contralateral kidney, the values being 0.07 0.03 and 0.13 0.04,
respectively (P < 0.05, paired t-test). Similarly, in animals studied
after one week, the Epo mRNA content of the post-ischemic
kidney was only a third of that of the contralateral kidney (0.11
0.01 vs. 0.33 0.11; P < 0.05, paired t-test). In both control and
experimental animals, the hepatic Epo mRNA signals were at the
limit of detection of the assay, and could not be quantified.
Rats subjected to acute anemia
In a group of 4 rats, the left renal artery was occluded for one
hour. Upon release of the arterial clamp, 5 ml of blood was drawn
from each animal. A second group of 5 rats was subjected to
sham-operations and similarly bled after one hour. Both sets of
animals were studied after 24 hours. As shown in Table 2,
venesection reduced the hematocrit by a similar degree in both
the ARF group (baseline 0.42 0.03 to 0.32 0.02 at 24 hr after
venesection) and in sham-operated animals (0.40 0.01 to 0.33 ±
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Fig. 1. Photomicrographs of histological sections
from the cortex of a post-ischemic kidney 24
hours after a one-hour renal arterial occlusion
(A), and from the left (B) and right (C) kidneys
of a rat exposed to four hours of normobaric
hypoxia, 24 hours after a one-hour left renal
artery occlusion (hematoxylin and eosin stain;
magnification X1O).
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Table 2. Hematocrit and erythropoietin response measured 24 hours after venesection of 5 ml of blood from rats subjected to left renal artery




Total organ Epo mRNA
Pre-bleed Post-bleed Right kidney Left kidney
ARF-A 4 0.42 0.03 0.32 0.02 213 175 1.2 0.5 0.4 0.3
Sham 5 0.40 0.01 0.33 0.02 211 38 1.0 0.3 0.8 0.2
Significantly different from fellow right kidney (P = 0.03, paired t-test)
Table 3. Erythropoietin response in rats exposed to 7.5% oxygen for 4 hours, 24 hours after left renal arterial occlusion for 1 hour (ARF-B) or
sham-operation (Sham)
Group N Serum Epo mU/mi
Total organ Epo mRNA
Right kidney Left kidney Liver Total
ARF-B 4 718 167 27.7 6.3 15.0 3.2a 37.1 15.2 79.7 14.5
Sham 4 685 186 32.4 4.2 29.0 3.6 31.2 5.0 85.2 18.3
a Significantly different from fellow right kidney (P = 0.01, paired t-test)
0.02). With regards to the effects of venesection on Epo produc-
tion, three important findings were observed. Firstly, acute ane-
mia caused serum Epo concentrations to rise markedly in the rats
with ARF, to a level not significantly different from control
animals, the values being 213 175 mU/mi and 211 38 mU/ml,
respectively. Secondly, this rise in serum hormone concentrations
was associated with a substantial increase in Epo mRNA levels in
both kidneys in the ARF rats. However, while Epo mRNA levels
in the right kidney of the ARF rats was not significantly different
from that of sham operated animals (1.2 0.5 vs. 1.0 0.3,
respectively), the Epo mRNA content of the left post-ischemic
kidney was only a third of its fellow right kidney that is, 0.4 0.3.
Thirdly, it is interesting that the acute anemic stimulation caused
Epo mRNA levels in the left and right kidney of the ARF rats to
rise by a similar degree as compared to the corresponding levels in
normoxic ARF animals. Hence, right renal Epo mRNA increased
ninefold, from 0.13 0.04 in normoxic animals to 1.2 0.5 in the
anemic ones, while the Epo mRNA content of the left post-
ischemic kidney was raised sixfold from 0.07 0.03 to 0.4 0.3.
In both ARF and control rats, hepatic Epo mRNA signals were
barely detectable and could not be quantified by scintillation
counting.
Rats exposed to severe normobaric hypoxia
A group of 4 rats was subjected to a one-hour occlusion of the
left renal artery while sham-operations were performed on a
second group of 4 rats. Twenty-four hours later, the animals were
exposed to an atmosphere of 7.5% oxygen for four hours.
Following the hypoxic exposure, serum Epo concentrations were
elevated to a similar degree in both groups, being 718 167
mU/mi and 685 186 mU/mi, respectively. This was associated
with a marked increase in renal and hepatic Epo mRNA in both
groups, as shown in Table 3. In sham-operated controls, the Epo
mRNA content of the right and of the left kidneys was very
similar, and not significantly different from the level measured in
the right kidney of the ARF animals. In the ARF group, the Epo
mRNA level in the left post-ischemic kidney was only half that of
the corresponding right kidney, the values being 15.0 3.2 and
27.7 6.3, respectively. It is interesting, however, that hypoxia
had increased the renal Epo mRNA level by a similar degree in
Normoxia
Experimental groups
Fig. 2. Epa mRNA content of the right, normal, kidney and the left,
post-ischemic, kidney in rats 24 hours after a one-hour left renal artery
occlusion, studied in the normoxic state (Normoxia) and following acute
hemorrhage (Anemia) or nonnobaric hypoxia (Hypoxia), respectively. Right
kidney data are represented by solid bars while left kidney data are shown
as hatched bars. Right renal Epo mRNA content increased 9-fold and
200-fold over baseline values with acute anemia and normobaric hypoxia,
respectively, while left renal Epo mRNA levels increased 6-fold and
200-fold.
both left and right kidneys, an observation similar to that noted
with acute anemia (Fig. 2). For the right kidney in the ARF rats,
Epo mRNA increased about 200-fold from 0.13 0.04 in
normoxic animals to 27.7 6.3 in the hypoxic ones; similarly, for
the left kidney, there was also an approximate 200-fold increase in
Epo mRNA levels with hypoxia, from 0.07 0.03 to 15.0 3.2.
In the hypoxic sham-operated animals, the liver contributed to
more than a third of the combined renal and hepatic Epo mRNA
response, in agreement with previous reports [16]. Hepatic Epo
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a similar magnitude, and overall, the total renal and hepatic Epo
mRNA content in both groups of animals was not significantly
different.
Discussion
Unilateral renal artery occlusion is an established method of
producing acute renal failure in the rat, and the histological and
hemodynamic changes induced in the post-ischemic kidney are
well documented. After 60 minutes of renal artery clamping,
extensive swelling of tubular cells occurs with fragmentation of
proximal tubular microvilli, many of which are shed into the
tubules. After two hours of reperfusion following 60 minutes of
renal artery occlusion, there is widespread nephron obstruction by
membrane-bound blebs impacted in the straight segments of
proximal tubules. Casts begin to form in the distal nephron and
the majority of distal tubules are distended by casts after 24 hours.
Cellular necrosis, which is initially focal, also progresses with time
so that by 24 hours, widespread cellular necrosis is present in the
cortex and outer medulla, although the glomeruli still appear
normal [13, 151. One week after the one-hour renal artery
occlusion, the majority of tubules are still dilated and with
flattened tubular cells. Intratubular casts are scattered throughout
the cortex and renal papilla, and an interstitial cellular infiltrate is
typically observed [9]. Several hemodynamic changes have also
been documented in this model. After one-hour of unilateral
renal artery occlusion, renal blood flow to the post-ischemic
kidney is reduced. Renal blood flow has been reported to be 20 to
50% lower than baseline levels after 24 hours of reperfusion [17,
18], and continues to be depressed for up to eight weeks [9]. Mean
cortical blood flow has been observed to be reduced by 25%, and
renal oxygen consumption measured 24 hours after one-hour of
unilateral renal artery occlusion has been found to be decreased
by 47% [17]. However, data on intrarenal oxygen tensions in the
post-ischemic kidney are lacking.
One-hour unilateral renal artery occlusion produces only a
modest degree of ARF in the rat [13]. Despite this, small but
significant reductions in the hematocrit have been consistently
noted in this model [9, 18]. In this respect, the results obtained in
this study are very similar to those previously reported, although
two additional findings were obtained. Firstly, changes in serum
LDH and haptoglobin concentrations after unilateral renal artery
occlusion indicate that hemolysis is the likely cause of the initial
fall in hematocrit. Secondly, despite the reduced hematocrit,
serum Epo concentrations in the rats with ARF were not signif-
icantly different from controls, suggesting that the anemic state is
maintained by an associated relative Epo deficiency.
A clearer insight into Epo production in the rats with ARF was
provided by the measurement of Epo mRNA levels. Complete
cessation of renal blood flow for one hour caused Epo mRNA
levels in the post-ischemic kidneys to be significantly lower than in
corresponding contralateral intact kidneys. Two possible explana-
tions could account for this observation. Firstly, the severe
ischemia could have damaged or killed a proportion of the renal
Epo-producing cells; the increase in Epo mRNA observed follow-
ing exposure of the post-ischemic kidney to hypoxia may be the
result of recruitment of Epo-producing cells in areas of the kidney
less affected by the initial renal arterial occlusion. A second
possibility, which is not mutually exclusive, is that renal arterial
occlusion could have resulted in a reduction in the amount of Epo
made by individual Epo-producing cells, such as through disrup-
tion of normal intrarenal oxygen-sensing mechanisms. These
possibilities can only be addressed by quantitative in situ hybrid-
ization studies, which are technically very difficult to perform.
Two indirect pieces of evidence in this study suggest, however,
that the latter possibility is more likely. Kouiy et al [19] have
previously shown that the cells that make Epo in the kidney are
located in the juxtamedullary area in mildly anemic mice and that
additional Epo-producing cells are progressively recruited in the
renal cortex with increasing degrees of hypoxia, so that at the most
severe degrees of anemia (haematocrit 13 to 15%), Epo-produc-
ing cells were observed throughout the inner cortex and, to a
much lesser extent, in the adjacent outer medulla and subcapsular
cortex. In the present study, the extent and severity of histological
damage that was apparent in the post-ischemic kidneys suggests
that virtually all the cells that have the capacity to make Epo
would have been exposed to the potentially injurious effects of
extreme ischemia.
Secondly, despite the different mode, severity and duration of
hypoxia, each of the two hypoxic stimuli applied in the present
study caused proportionate increases in Epo mRNA production
in the post-ischemic and contralateral kidney. Hence, the Epo
mRNA content of the post-ischemic kidney and the contralateral
normal kidney increased sixfold and ninefold over their corre-
sponding normoxic levels, respectively, following mild acute hem-
orrhage, and levels in both kidneys rose 200-fold over baseline
after exposure to severe normobaric hypoxia (Fig. 2). These data
suggest that in the post-ischemic kidney, there is an overall
reduction in the sensitivity of the Epo response to systemic oxygen
availability. The reasons for this reduced sensitivity are not
known, but two possible explanations, which are not mutually
exclusive, need to be considered. Firstly, intrarenal tissue oxygen
tensions depend on the balance between renal oxygen delivery,
determined by renal blood flow, and renal oxygen consumption
[20]. It has been reported that 24 hours after renal artery
occlusion, renal blood flow is reduced by 20% while oxygen
consumption is decreased by 50% [17]. It is interesting that in the
present study, Epo mRNA levels in post-ischemic kidneys were
observed to be reduced to 50% of that in the contralateral intact
kidney. The second possibility to be considered is that functioning
tubular cells could have a more specific role in the process of
oxygen-sensing by adjacent Epo-producing cells [21], and that this
function is compromised by extensive ischemic damage to the
tubular cells following renal artery occlusion.
The data in this study support the view that inadequate Epo
production contributes to the anemia in ARF. This is related, in
part, to the diminished sensitivity of the Epo response in the
post-ischemic kidney, despite the retention of a substantial capac-
ity for hormone production. In this model of ARF, however, it is
apparent that the perturbation in Epo formation in the post-
ischemic kidney gains systemic relevance only because there is no
compensatory increase in Epo production in the contralateral
intact kidney and in the liver. For example, in rats studied 24
hours after a one-hour occlusion of the left renal artery, despite
the lower hematocrit, the Epo mRNA content of the right kidney
was not significantly different from that of controls. In compari-
son, in a previous study, a comparable reduction in the hematocrit
induced by venesection of normal rats resulted in a ninefold
increase in renal Epo mRNA levels [16]. Since renal blood flow
and inulin clearance are not significantly altered in the normal
right kidney in the ARF rats [22], these data suggest that there
1964 Tan et a!: Eiythropoietin in acute renal failure
may be additional systemic factors which could contribute to the
reduction in sensitivity of the renal Epo response to changes in
systemic oxygen supply.
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